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Sir: 

I, Dr. Xiaojie Yu, do hereby declare and state that: 



1 . I am an inventor of the subject matter described and claimed in U.S. Patent 
Application Serial No. 10/684,859, filed on October 14, 2003 entitled, "IMPLANTATION OF 
ENCAPSULATED BIOLOGICAL MATERIALS FOR TREATING DISEASES". 

2. lamSeniorDirectorofBiomaterialsScienceofNovocell, Inc., which is the 
assignee of the instant patent application. 

3 . I am familiar with the prosecution history of Patent Application Serial No. 
10/684,859, including the subject matter of the currently pending claims. 

4. I understand that the Examiner rejected the claims, in part, under 35 U.S.C. § 
103(a) for allegedly being obvious over the disclosure of WO 00/53 1 59, filed January 27, 2000, 
which claims the benefit of priority to U.S. Patent Application No. 09/264,187, filed on 
September 3, 1999. 
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5 . ^ I declare that I have been involved in the area of cell encapsulation using 
polymeric biomaterials for over 10 years. I have published seminal peer-review journal articles 
directly related to this area. My curriculum vitae is attached as Exhibit A. 

6. I have reviewed WO 00/00/53 1 59 in detail. The below describes how the present 
mvention is distinguished and improved as compared to, and in view of, WO 00/00/53159. 

(^) The present invention describes encapsulated cellular composition having a single 
layer as compared to WO 00/00/53159 w hich describes an encapsulated celMar composition 
having two layers. 

Example 3 of the present invention describes a method of encapsulating mouse and 
primate islets by first loading the islets with the photoinitiator (Eosin Y) and a PEG 
encapsulation solution containing the acrylated PEG monomer, TEoA, and NVP. Activation of 
Eosin Y by an argon laser results in a coating having uniform thickness directly surrounding 
each islet. See Example 3, paragraphs 241 and 242 of the present invention. 

hi contrast, WO 00/53 159 describes microcapsules having two layers, a core and an outer 

layer: 

... the capsule therefore possesses an ionically crosslinked alginate core 
surrounded by a skin of covalentiy crosslinked and ionically crosslinked 
alginate... [emphasis added; pg. 20, lines 26-28 of WO 00/53159] 

Capsules (e. g., microcapsules and macrocapsules) contemplated for use in the 
practice of the present invention may be further characterized as comprising an 
outer layer and a core. Typically, the outer layer of a capsule comprises that 
portion of the biocompatible gellable material which is on the outer surface of the 
capsule, while the core of a capsule is that portion of the biocompatible gellable 
material which is not the outer layer, [emphasis added; pg. 21, lines 1-6 of WO 
00/53159] 

Hence, the encapsulation compositions of the present invention, having a single uniform 
thickness (conformal) coating around each islet is distinguished over WO 00/53159, which 
describes a microcapsule containing two layers, an inner (core) layer and outer layer. 
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cell dJ^L ( P'^f^f^t invention descnhes encapsulated c.e\h.\.r c omnosifion. h..,^r.p 

cell densities (celis/mL) asTomnared to WO nn/nn/S 31S9 which H...r.r,- bes encan..n1.t.H Llh^ T.. 

compositions having low cell densities fcftlk/^^TFy ^ ^ ""^^ 

■A T- uT^^/'"f''''^ invention provides guidelines for conformally coating cells as 
provided m Table 4 of Example 13. This is compared to encapsulation using [alLateT 
microcapsules (Table 3) as provided in the art, including WO 00/53 159. 

(2) WO 00/53 1 59 describes that microcapsules can range in size from 1 - 1 000 
microns (pg. 6, lines 14-19 of WO 00/53159). However, WO 00/53159 describes that the 
average size of the microcapsule in the current appUcation was 800 urn ± 70 urn fpa 41 
lines 7-8 of Example 5 of WO 00/53159)". The fact that WO 00/53159 describes only ' 
use of microcapsules about 800 ^m in diameter is consistent with the art, e.g. de Vos et 
al. (2002) states that the "usual 800 fim" microcapsule are used (pg. 164, left column 3"* 
paragraph). See de Vos et al. (2002), "Considerations for successful transplantation of 
encapsulated pancreatic islets", Diabetologia 45(2):159-73 (Exhibit B). One reason for 
the use of microcapsules in this range (e.g.. 600-800 mn diameter) is that in the case of 
islet encapsulation, the islets are about 150 pm; thus making any resulting microcapsule 
^^ath 200 or less in diameter difficult. More importantly, increase in the volume ratio 
of microcapsule to islet (column 4 of Table 3) effectively reduces the cell density of the 
encapsulated matenal (last column of Table 3). For example, a microcapsule with a 
diameter of 800 jiim would have a cell-density of 2 x 10^ cells/mL. 

(3) The present invention describes encapsulated cellular compositions having 
significantly higher cell-densities than WO 00/53 1 59. See Table 4 of the present 
mvention. Although, Table 4 does not recite diameters of the present invention the 
diameter can be easily derived. For example, the present invention describes ' 
encapsulated cellular compositions having a uniform thickness of about 25-50 um 
Compositions of this thickness effectively have cell densities ranging from 137 5-268 6 x 
Wo'oO/sS 59'^'' "^^'^^ ^ ^^"^"^'^ ^'^^^^'^ '""""^^'^ ""^^ ^^""^^^^ compared to 

^ ■ -J' . . J ^^^""^^^ ^^^'^ °" analysis as described above, the present invention 
descnbes a different composition over WO 00/53159. 

8. I further declare that although WO 00/53 1 59 describes microcapsules ranging 
trom I-IOOO ^m, it is difficult to accomplish microcapsules having any less than 200 um in 
diameter as described above. The average microcapsule size of WO 00/53 159 is about 800 um 
which IS consistent with the art (see de Vos et al. (2002)). Because of this limitation, method' 
and compositions described in WO 00/53159 result in encapsulated cellular compositions having 
s gmficantly lower cell densities (cells/mL) as compared to the high cell densities described and 
clauned m the present invention. 
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9. I fijrther declare that all statements made herein of knowledge are true and that all 
statements made on mformation and belief are believed to be true, and further that these 
staternents were made with the knowledge that willful false statements and the like so made are 
punishable by fine, or imprisonment, or both under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issued thereon. ^ 



/ 1 - >/- ><^''7 

^ Xiaojie Yu, Ph.D! 




4669246 
121807 
4669246 2 
122107 ~ 
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Executive Summary 

• 20 years of research and development experience including design, 
synthesis, characterization, and application of novel polymeric 
biomaterials for cell therapy, drug delivery systems, medical devices, and 
tissue engineering 

• 10+ years biotech industrial management experience including R&D, QC, 
and GMP manufacturing operations 

• Primarily responsible for developing PEG cell encapsulation platform 
technology, leading to a FDA approved Phase l/ll proof-of-principle clinical 
trial. 

Education 

• Ph.D., Bioengineering/Biomaterials, University of Paris-Nord, France, 1987 

• M.S., Bioengineering/Biomaterials, University of Paris-Nord, France, 1984 

• B.S., Chemistry, Zhejiang University, China, 1982 

Professional Experience 

Novocell Inc., San Diego, OA, 2006-Present 
Senior Director, Biomaterials Science 

• Developing and optimizing encapsulation composition/process for hESC- 
derived Insulin producing cells 

• Investigating heparinized PEG coatings for Implant site anglogenesls 

• Investigating bio-mimetlc PEG hydrogels as 3D culture matrices for in vitro 
targeted differentiation of hESCs 

Novocell Inc., Irvine, CA, 2005-2006 
Director of Science 

• Directed cGMP encapsulation manufacturing activities for the clinical 
trials, and R&D activities of Polymer Chemistry and Encapsulation 

• Helped obtain FDA approval of the IND application for the Phase l/ll 
clinical trial 

• Demonstrated the safety/function of the PEG encapsulated human islets 
In the Phase l/ll proof-of-principle clinical trial with 2 patients 
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Novocell Inc., Irvine, CA, 2001-2005 
Scientific Director 

• Directed R&D activities of Company's several departments including Cell 
Encapsulation, Polymer Chemistry, Islet isolation, QC, and Pre-Clinical 
Study 

• Accomplished research, pilot and definitive GLP studies consisting of allo- 
transplantation of PEG conformally coated primate islets into 30+ diabetic 
primates 

• Demonstrated long-term in vivo safety/efficacy of the PEG-coated islet 
allograft in the primate models 

• Led a successful transfer of the encapsulation technology from R&D to 
cGMP production, and from animal islet processing to human islet 
processing 

• Helped establish a cGMP manufacturing team and a clean room facility 

Neocrin Co. /Novocell Inc., Irvine, CA, 1996-2001 
Manager of Polymer Chemistry and Cell Encapsulation 

• Managed R&D activities of the Department of Polymer Chemistry and Cell 
Encapsulation. Developed a PEG encapsulated cell technology platform 
for the treatment of diabetes and other diseases. 

• Designed, synthesized, and characterized key encapsulation reagents, 
including PEG macromonomers and polymer-dye conjugates 

• Studied and optimized key components of the technology such that the 
encapsulation reagents/processes are low cytotoxic, and the resulted PEG 
capsules are biocompatibe, Immunoprotective, and chemically 
/mechanically stable 

• Developed encapsulation processes for a variety of cells and cell clusters. 
Including pancreatic islets and genetically engineered cells, with a high 
degree of intra- and inter-batch production uniformity 

• Developed new assays for characterizing the encapsulated cells 

• Participated in preclinical safety/efficacy studies, and achieved the proof of 
principle that the encapsulated porcine islets, as xenografts, can cure 
diabetic rodents and primates for up to 1 00 days 

• Established SOPs for most of the above activities following GMP & GLP 
guidelines 

Department of Bioengineering, University of Washlngton/Tacora 
Corporation, Seattle, WA, 1993-1996 
Acting Assistant Professor/Senior Scientist 

• Designed, synthesized, and characterized natural and synthetic, 
environmentally responsive hydrogel systems for controlled drug delivery 

• Studied and engineered volume phase transition properties of these 
hydrogel systems 

• Developed new methodologies for preparation of micro- and nanoparticles 
based on these hydrogel systems 
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• Studied loading, stability, and release kinetics of small molecule and 
protein drugs from these micro-and nanopartlcles 

• Set up a R&D facility for the start-up company 

• Supervised research work of 2 scientists 

Laboratoire de Recherche sur les Macromolecules, University of Paris- 
Nord, France, 1992-1993 
Visiting Professor 

• Designed, synthesized, and characterized water soluble, and "heparin- 
llke" dextran derivatives for bone tissue engineering 

• Studied the interactions between these bio-specific polymers and model 
cells in culture 

• Advised research work of 2 graduate students 

Department of Polymer Science and Engineering, Zhejiang University, 

China, 

1988-1992 

Associate Professor 

• Established, as a Principal Investigator, a number of grant-supported 
research programs aiming at developing polymer surfaces, either non- 
adhesive or selectively adhesive to proteins and cells, for cardiovascular 
device applications 

• Designed and prepared such polymer surfaces by grafting them with PEG, 
RGD containing peptide sequences, and/or other chemical moieties 

• Characterized these surfaces in terms of surface chemistry, surface 
energy and morphology using XPS, contact angle measurement, and 
SEM/TEM 

• Studied and achieved high protein-resistance or protein-selectivity for 
some of these surfaces with regard to blood plasma proteins 

• Studied and enhanced adhesion and growth of endothelial cells cultured 
on some of these surfaces 

• Evaluated and improved blood biocompatibility of some of these surfaces 

• Advised research work of 2 Ph.D., 3 M.S. graduate students, and 10 
undergraduate students 

• Taught Polymer Chemistry and Physical Chemistry at undergraduate 
level, and Biomaterials Science at graduate level 

Department of Chemical Engineering, McMaster University, Canada, 1987- 
1988 

Postdoctoral Fellow 

• Studied mechanisms of competitive adsorption of proteins on artificial 
surfaces as related to blood-contacting biomaterials 

• Co-authored a review chapter on the measurement of protein adsorption 
to solid surfaces in relation to blood biocompatibility using radioiodine 
labeling methods 
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Memberships 

• American Chemical Society 

• Society for Blomaterlals 

• Tissue Engineering and Regenerative l\/ledicine International 
Awards 

• Fellow of the K.C.Wong (Hong Kong)-CNRS (France) Foundation, 1992 

• Outstanding Young Scientist Prize, the Fol< Yin Tung (Hong Kong) 
Education Foundation Award, 1991 

• Overseas Graduate Scholarship, the Education Ministry of China, 1982 



Selected Publications & Patents 

1. X. J. Yu, D. Muller, and J. Jozefonvicz, "Chromatographie d'exclusion 
sterique a haute performance de la thrombine en milieu aqueux", in 
"Technologies de Purification des Proteines", A. Faure et al. eds., 256, 1984 

2. D. Muller, X. J. Yu, A. M. Fischer, A. Bross, and J. Jozefonvicz, "High 
performance affinity chromatography of human thrombin on modified 
polystyrene resins", J. Chromatogr., 359, 351-357, 1986 

3. A. M. Fischer, X. J. Yu, Tapon-Bretaudiere, D. Muller, A. Bross, and J. 
Jozefonvicz, "Thrombin purification by one-step preparative affinity 
chromatography on modified polystyrene resins". J. Chromatogr., 363. 95- 
100, 1986 

4. X. J. Yu, A. M. Fischer, D. Muller, A. Bross, J. Tapon-Bretaudiere, and J. 
Jozefonvicz, "Affinity chromatography of thrombin on modified polystyrene 
resins". J. Chromatogr., 376, 429-435, 1986 

5. X. J. Yu, D. Muller, A. M. Fischer, and J. Jozefonvicz, "Interaction 
mechanism of thrombin with functional polystyrene surfaces: a study using 
high-performance affinity chromatography" in "Proteins at Interfaces, 
Physicochemical and Biochemical Studies", J. L. Brash and T. A. Horbett, 
eds., ACS Symp. Ser. 343, 197-207, 1987 

6. X. J. Yu, D. Muller, and J. Jozefonvicz, "Chromatographie liquide d'affinite 
haute performance de la thrombine sur polystyrene modifie", in "Technologies 
de Purification des Proteines ", A. Faure et al. eds., G.R.B.R., 388, 1987 

7. R. Fuks, S. Rolland, S. Khamlichi, X. J. Yu, D. Muller, and J. Jozefonvicz, 
"Amidoethylation par addition de Michael en phase solide, synthese d'une 
resine de polystyrene modifie par des functions sulfonate et amidines, et 
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etude de son affinite pour la thrombine", Colloque du Centenaire-Societe 
Royale de Chimie, 3.05, 1987 

8. S. Khamlichi, X. J. Yu, D. Muller, and J. Jozefonvicz, S. Rolland, and R. 
Fuks, "Affinity of fiuman thrombin for insoluble polystyrene substituted with N- 
hydroxyethylsulfomoyl and N-substituted amidine functions", Makromol. 
Chem. Macromol. Symp. 19, 155-161, 1988 

9. D. Muller, X. J. Yu, and J. Jozefonvicz, "Etude par chromatographie 
d'affinite des interactions entre la thronnbine et les polystyrenes 
functionalisees", in "Technologies de Purification des Proteines ", A. Faure et 
al. eds., G.R.B.R., 3. 33, 1988 

10.S. Colliec, C. Boisson, X. J. Yu, D. Muller, and J. Jozefonvicz, "Interaction 
of modified bovine thrombin with functional polystyrene surfaces", Innov. 
Tech. Biol. Med., 1 1(4), 400-410, 1990 

1 1 . Y. X. Qiu, X. L. Feng, X. J. Yu, and S. L. Yang, "Synthesis of graft 
copolymers by way of macromonomer techniques". Functional Polym., 4(2), 
81-95, 1991 

12. Y. X. Qiu, X. J. Yu, L. X. Feng, and S. L. Yang, "Application of first 
derivative UV spectroscopy for determining the composition of copolymers 
containing styrene segments". Chemical Journal of Chinese Universities, 

13(6), 870-872, 1992 

13. Y. X. Qiu, X. J. Yu, L. X. Feng, and S. L. Yang, "Synthesis, purification and 
characterization of amphiphilic and microphase-separated graft copolymers, 
polystyrene-g-poly(ethylene oxide)", Chemical Research in Chinese 
Universities, 8(3), 278-286, 1992 

14. Y. X. Qiu, X. J. Yu, L. X. Feng, and S. L. Yang, "Synthesis and 
characterization of amphiphilic and microphase-separated graft copolymers, 
1, synthesis and bulk characterization of polystyrene-graft-stearyl- 
poly(ethylene oxide)", Makromol. Chem. 193, 1377-1385, 1992 

15. Y. X. Qiu, X. J. Yu, L. X. Feng, and S. L. Yang, "Synthesis and surface 
characterization of amphiphilic graft copolymer containing microphase- 
separated and long poly(ethylene oxide) side chain structure", Chinese J. 
Polym. Sci., 11(1), 68-76, 1993 

16. X. J. Yu, and J. L. Brash, "Measurement of protein adsorption to solid 
surfaces in relation to blood compatibility using radioiodine labeling methods", 
chapter in "Test Procedures for Blood Compatibility of Biomaterials", S. 
Dawids ed., Kluwer Academic Publishers, 287-330, 1993 
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17. Y. X. Qiu, X. J. Yu, L. X. Feng, and S. L. Yang, "Study of the nnicrophase 
separation morpliology of polystyrene-g-poly(ethylene oxide)", Acta 
Polymerica Sinica, 6, 694-701, 1994 

18. J. Ji, Y. X. Qiu, X. J. Yu, and L X. Feng, "Polyurethanes as 
antithrombgenic materials", Functional Polymer, 8(2), 225-235, 1995 

19. P. Dejardin, P. ten Hove, X. J. Yu, and J. L. Brash, "Competitive 
adsorption of high molecular weight kininogen and fibrinogen from binary 
mixtures to glass surface", Langmuir, 11, 4001-4007, 1995 

20. Y. X. Qiu, X. J. Yu, L. X. Feng, and S. L. Yang, "Synthesis and 
characterization of amphiphilic and microphase separated graft copolymer: 2, 
surface characterization and in vitro antithrombogenecity assessment of 
polystyrene-g-stearyl poly(ethylene oxide)", Chinese J. Polym. Sci. (English 
Ed.), 13(2) 112-126, 1995 

21. Y. X. Qiu, X. J. Yu, and L. X. Feng, "Synthesis and characterization of 
reactive graft copolymer PDMS-g-(PEO-OH)", Chinese J. Polym. Sci. (English 
Ed.), 13(3) 273-279, 1995 

22. R. S. Hill, G. M. Cruise, S. R. Hager, F. V. Lamberti, X. J. Yu, C. L. 
Graufis, Y. Yu, K. E. Mundwiler, J. F. Cole, J. A. Hubbell, O. D. Hegre, and D. 
W. Scharp, "Immunoisolation of adult porcine islets for the treatment of 
diabetes mellitus: the use of photopolymerizable polyethylene glycol in the 
conformal coating of mass-isolated porcine islets", Annals of New York 
Academy of Sciences, 831, 332-343, 1997 

23. J. Ji, L. X. Feng, Y. X. Qiu, and X. J. Yu, "Immobilization of potentially 
bioactive moieties onto polyether with poly(ethylene glycol)-sulfonate spacer", 
Chinese J. Polym. Sci. (English Ed.), 15(2), 180-186, 1997 

24. J. Ji, L. X. Feng, Y. X. Qiu, and X. J. Yu, "ESR spectroscopy to determine 
the molecular mobility of poly(ethylene oxide) grafts in an amphiphilic graft 
copolymers", Macromol. Rapid Commun., 19, 473-477, 1998 

25. J. Ji, L. X. Feng, Y. X. Qiu, and X. J. Yu, " Stearyl poly(ethylene oxide) 
grafted surfaces for preferential adsorption of albumin". Polymer 41, 3713- 
3718, 2000 

26. J. JI, L. X. Feng, Y. X. Qiu, X. J. Yu, and M. A. Barbosa, "Self-assembly 
and surface structure of an amphiphilic graft copolymer, polystyrene-graft- - 
stearyl-poly(ethylene oxide)", J. Colloid Interface Sci., 224, 255-260, 2000 
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27. x. J. Yu and A. S. Hoffman, "Chemically-crosslinked alginate/chondroitin 
sulfate hydrogels as drug delivery matrices, I. Synthesis and condensation 
behavior", J. Controlled Release, (in preparation) 

28. x. J. Yu and A. S. Hoffman, "Chemically-crosslinked alginate/chondroitin 
sulfate hydrogels as drug delivery matrices, II. Condensation/decondensation 
transition, and loading, leakage, and release kinetics of lysozyme", J. 
Controlled Release, (in preparation) 



Patents 

1. D. Scharp, P. Latta, X. Yu, C. Yue, and J. Hubbell, "Implantation of 
Encapsulated Biological Materials for Treating Diseases", U. S. Patent 
Application, Pub. No.: US 2004/0136971 A1 

2. D. Scharp, P. Latta, X. Yu, and J. Hubbell, "Method of Using Fibrin-Bound 
Angiogenic Factors to Stimulate Vascularization of Transplant Site of 
Encapsulated Cells", U.S. Patent Application, Pub. No.: US2005/0 180957 A1 
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Considerations for successful transplantation of encapsulated 
pancreatic islets 

p. de VosK A.F.HamelS K-Tatarkiewicz^ 

^ Department of Pathology and Laboratory Medicine, Section of Medical Biology, University of Qroningen, Groningen, 
The Netherlands 

^Research Division, Joslin Diabetes Center, Boston, Massachusetts, USA 



Abstract 

Encapsulation of pancreatic islets allows for trans- 
plantion in the absence of immunosuppression. The 
technology is based on the principle that transplanted 
tissue is protected for the host immune system by an 
artificial membrane. Encapsulation offers a solution 
to the shortage of donors in clinical islet transplanta- 
tion because it allows animal islets or insulin-produc- 
ing cells engineered from stem cells to be used. Dur- 
ing the past two decades three major approaches to 
encapsulation have been studied. These indude in- 
travascular macrocapsules, which are anastomosed 
to the vascular system as AV shunt; extravascular 
macrocapsules, which are mostly diffusion chambers 
transplanted at different sites; and extravascular mi- 
crocapsules transplanted in the peritoneal cavity. 
The advantages and pitfalls of these three approaches 
are discussed and compared in the light of their appli- 
cability to clinical islet transplantation. All systems 



have been shown to be successful in preclinical stud- 
ies but not all approaches meet the technical or phys- 
iological requirements for application in human be- 
ings. The extravascular approach has advantages 
over the intravascular because since it is associated 
with less complications such as thrombosis and infec- 
tion. Microcapsules, due to their spatial characteris- 
tics, have a better diffusion capacity than macrocap- 
sules. Recent progress in biocompatibility of micro- 
capsules has brought this technology close to clinical 
application. Critical issues such as limitations in the 
functional performance and survival are being dis- 
cussed. The latest results show that both issues can 
be solved by the transplantation of microencapsulat- 
ed islets close to blood vessels in prevascularized sol- 
id supports. [Diabetologia (2002) 45: 159-173] 

Keywords Transplantation, encapsulated pancreatic 
islets. 



A major challenge in the treatment of Type I (insulin- 
dependent) diabetes mellitus is the prevention of late 
complications, and thereby improvement of the qual- 
ity of patient life. There is no dispute that euglycae- 
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mia is of essential importance to reach that goal. Eu- 
glycaemia can be achieved by insulin treatment and 
the results of the Diabetes control and complications 
trial clearly show that insulin treatment delays the 
onset and reduces the progression of diabetic compli- 
cations [1], Intensified treatment, however, is not a 
simple chore because it requires multiple daily injec- 
tions, frequent monitoring, dosage adaptations and, 
thus, patient compUance. It is also associated with 
frequent episodes of severe hypoglycaemia and with 
glycaemic unawareness. A di&erent approach to eu- 
glycaemia is to provide the diabetic patient with an 
endogenous rather than an exogenous source of insu- 
lin by the transplantation of the endocrine pancreatic 
tissue. Pancreatic organ transplantation is now an es- 
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tablished mode of treatment with 15000 cases world- 
wide [2, 3]. Results have substantially improved dur- 
ing the past two decades and the current patient and 
graft survival rates almost equal those of kidney 
transplantation. A successful pancreas transplant 
provides almost normal glucose homeostatis but it re- 
quires lifelong immunosuppressive medication. It is 
still not clear whether the advantages of a pancreas 
transplant over continued insulin treatment out- 
weighs the disadvantage of obligatory immunosup- 
pression. Most transplant centres still restrict them- 
selves to combined pancreas and kidney transplanta- 
tion in diabetic patients with end-stage renal failure 
[2, 4]. Islet transplantation, in contrast to pancreas 
transplantation, requires no major surgery. More- 
over, successful islet transplantation without immun- 
osuppression might be achieved by relatively simple 
metihods as immunoisolation by encapsulation. Such 
an approach utilizes a semipermeable membrane 
which forms a mechanical barrier separating the graft 
from the host antibodies and immune cells but allows 
for the diffusion of glucose, insulin, nutrients and is- 
let waste products. 



Macroencapsiilalion of pancreatic islets 

The two major encapsulation systems are macroen- 
capsulation and microencapsulation. In the first one, 
the macrodevices contain many islets in one immu- 
noisolating membrane. The intravascular device is 
usually composed of a microporous tube with blood 
flow through its lumen and with a housing on its out- 
side containing the implanted tissue [5, 6]. The device 
is implanted into the vessels of the host by vascular 
anastomoses. The concept of extravascular devices 
does not require vascular anastomoses because it is 
based on the principle of diffusion chambers [7]. The 
geometry could be planar in the form of a flat, circu- 
lar double layer or tube-like as a so-called hollow fi- 
bre [7]. 

Tlie most intensively studied intravascular device 
is the modified diffusion chamber of Chick et al [8]. 
It is technically advanced and has been tested exten- 
sively in small [9] as well as in large animals [9, lOj. 
The original device was composed of a nmnber of 
small diameter artificial capillaries contained by one 
large diameter tube. The artificial capillaries were 
composed of polyacrylonitrile and polyvinylchloride 
copoljTner (PAN-PVC) ultrafiltration capillaries 
[11], and the remaining lumen of the large diameter 
tube, ie. the outside of the artificial capillaries, was 
loaded with hormone producing cells. The design al- 
lows close contact between the islets and blood which 
are separated only by the microporous walls of the 
capillaries. These devices were found to induce nor- 
moglycaemia in diabetic rats [9], dogs [10] and mon- 
keys [9] but required systemic anticoagulation. The 



duration of this normoglycaemia was usually restrict- 
ed to several hours and successes of a somewhat long- 
er duration were exceptional. Clotting of the blood in 
the lumen of these small diameter artificial capillaries 
proved to be a major obstacle, in spite of anticoagu- 
lant medication in massive doses. This thrombus for- 
mation was an early sign of insufficient biocompati- 
bility and has led to the use of tubular membranes 
with larger diameters in the hope of minimising or 
eliminating clot formation in the absence of systemic 
anticoagulation. The present device is composed of a 
single, coiled and tubular membrane with an internal 
diameter of 5-6 mm. The membrane has been modi- 
fied but is still composed of PAN-PVC with a nomi- 
nal molecular weight cutoff of 50 kD. This approach 
was found to be rather successful because these de- 
vices implanted as high flow arteriovenous fistulas 
could remain patent for periods of 7 weeks in the ab- 
sence of systemic anticoagulant therapy [12], This 
success can be explained in part by the high flow rates 
through the device which prevents adhesion of cells 
to the membranes or collection of those cells in the 
immediate vicinity [13]. However, high flow arterio- 
venous fistulas are not without risk and much longer 
patency rates are required for effective applicability. 
Obviously, more thromboresistant materials are re- 
quired for this type of device. 

Although the intravascular devices have shown 
some degree of success, the problems mentioned 
above should be solved if clinical apphcation is con- 
sidered. Even then, the complications associated 
with any type of vascular prosthetic surgery - such as 
thrombosis, either primary or secondsuy to intimal 
hyperplasia at the venous anastomosis, defects of the 
device, or infection - remain a serious threat. This is 
a major drawback for application in large numbers 
of diabetic patients. 

The surgical risks are much lower with extravascu- 
lar than with the intravascular devices. Biocompati- 
bility problems are usually deleterious only to the 
function of the encapsulated tissue and have no or 
only minimal risk for the recipient. The relative safe- 
ty is an important advantage of extravascular over in- 
travascular devices but the interactions of tissue-ma- 
terial are of similar complexity. These biocompatibil- 
ity problems are usually related to toxicity and activa- 
tion of non-specific foreign body reactions resulting 
in fibrotic overgrowth with subsequent necrosis of 
the encapsulated tissue. 

Macrocapsules can be implanted with minimEiI sur- 
gery in different sites such as the peritoneal cavity 
[14-17], the subcutaneous site [18-24], or the renal 
capsule [25]. They can also be readily retrieved and 
produced in a relatively simple way. 

Many different biomaterials have been applied for 
the production of macrocapsules. The most common- 
ly applied are nitro-cellulose acetate [26], 2-hydroxy- 
ethyl methacrylate (HEMA) [27], acrylonitiile and 
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sodium-methallylsulfonate [28], and alginate [29]. 
The hollow fibre geometry is usually preferred over 
the planar membranes for their smaller foreign body 
response [30]. Most studies on hollow fibres use fibres 
made of PAN-PVC [13, 31], similar to those used in 
intravascular devices. Tliey have been produced with 
a smooth and fenestrated outer skin with the same 
spongy matrix as applied in the intravascular. The de- 
sign with the smooth outer skin proved to be the most 
successful because it provokes much less fibrosis than 
the rough fenestrated surface which allows host tissue 
to grow into the spongy matrix. Many modifications 
of this concept have been proposed in order to fur- 
ther improve the biocompatibility. One of those was 
the coating of the membranes with poly(ethyleenox- 
ide) to reduce protein adsorption [32]. 

Initial studies with macrocapsules were not very 
successful. This was not so much the consequence of 
fibrotic overgrowth but rather of aggregation of the 
encapsidated tissue into large clumps [18]. Extensive 
necrosis occurred in the centre of the clumps as a re- 
sult of diffusion limitations for nutrients. This prob- 
lem was readily solved by preventing contact be- 
tween the encapsulated tissue elements through per- 
manent solitude immobilization in a matrix such as 
coOagen [33, 34], Ca-alginate [18], or chitosan [11]. 
Usually in PAN-PVC fibres islets are immobilized in 
alginate. The islet density is kept quite low and never 
exceeds 5-10 % of the volume fraction because via- 
bility has been found to be substantially reduced 
with higher densities. When transplanted in i5B-rats, 
islets encapsulated in fibres were found to induce nor- 
moglycaemia for up to 8 months but glucose toler- 
ance remained disturbed and decreased rapidly with 
time, in spite of prolonged normoglycaemia [31, 35]. 
A major factor is that hollow fibres, as a consequence 
of their shape, tend to break when forced to bend un- 
der physiological stress [11, 36]. Another factor is the 
low number of islets implanted which could be insuf- 
ficient for achieving long-term graft survival. The 
use of higher numbers, however, is impractical be- 
cause enormous lengths of fibres would be required 
as a consequence of the low seeding density of the 
membranes. A modification was to use tubes with a 
wider lumen of several millimetres. This, however, is 
associated with a substantial increase in diffusion dis- 
tance, which enhances rather than reduces problems 
such as necrosis as a consequence of insufficient nu- 
trient supply, and accumulation of waste materials. 
Some success with these devices has been reported 
in diabetic rats, but extreme amounts of islets, ie. 
30000 islets/kg, were required to maintain normogly- 
caemia for only a few months [36]. In addition, after 
intraperitoneal implantation, the membranes still 
provoked a foreign body reaction which resulted in 
overgrowth by a thin, but avascular fibrotic cellular 
infiltrate, which implies further limitations in the dif- 
fusion capacity and in the life span of the islets. 



During the past few years, an interesting trend has 
been the growing number of groups applying hydro- 
gels for macroencapsulation. Hydrogels provide a 
number of features which are advantageous for the 
biocompatibility of the membranes. Firstly, as a con- 
sequence of the hydrophilic nature of the material, 
there is almost no interfacial tension with surround- 
ing fluids and tissues which minimises the protein ad- 
sorption and cell adhesion. Furthermore, the soft and 
pliable features of the gel reduce the mechanical or 
frictional irritations to surroimding tissue. And, final- 
ly, they provide a high degree of permeability for low 
molecular weight nutrients and metabolites, which is 
required for the optimal functioning of living cells. 

Many hydrogels have been applied, such as gels 
prepared from alginate [37-39], agarose [17, 40], 
HEMA [27, 41] and a copolymer of acrylonitrile and 
sodium-methallyl sulphonate, AN69 [28]. Primary at- 
tention has been focussed on the hydrogel membrane 
AN69, which induced only minimal fibrosis in the 
peritoneal cavity of rats [42, 43] but had low perme- 
ability for insulin [42, 43]. Recently, Corona discharge 
has been introduced to obtain a membrane with a 
more hydrophobic surface [42, 43]. Fewer molecules 
adhered to the surface of sudi membranes, improving 
not only the permeability for insulin but also its long- 
term biocompatibility. One year after implantation in 
rats, only a few macrophages were found on the 
membranes' surface. Moreover, encouraging results 
were reported by Jain et al who demonstrated func- 
tional porcine islets transplanted in agarose macro- 
beads almost 200 days after intraperitoneal trans- 
plantation into BB rats [28]. 



Microencapsulation of pancreatic islets 

Microencapsulation is the technique by which each 
islet is enveloped in its own, spherical semipermeable 
membrane. Several arguments favour microcapsules 
over macrocapsules. Their spherical shape offers bet- 
ter diffusion capacity because of a better surface-to- 
volume ratio. Microcapsules cannot be easily disrupt- 
ed, are mechanically stable, do not require complex 
or expensive manufacturing procedure, and can be 
implanted into the patient by a simple injection pro- 
cedure. 

Reportedly, the clinical experience is still restrict- 
ed to one recipient [44] but several research groups 
are concentrating on transplantation of microencap- 
sulated islets in the experimental setting [45] [22, 23, 
46, 47, 47-68]. Although successful encapsulated islet 
grafts do induce normoglycaemia in streptozotocin 
diabetic rodents recipients, some authors have re- 
ported reduced functional performance in response 
to ^ucose challenge [59, 69-72]. 

For several years, we have concentrated on mic- 
roencapsulation and we have directed our efforts to 
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a stepwise analysis of the factors influencing perfor- 
mance of the microencapsulated, grafts. To this end, 
we have been using only one technique of alginate- 
polylysine microencapsulation as initially introduced 
by Lim and Sun [73], instead of testing other materi- 
als in a trial and error approach. Our aim is to define 
the conditions which must be met for successful trans- 
plantation of microencapsulated islets as a feasible 
treatment of lype I diabetes mellitus. 



Technical considerations for the production of 
microcapsules 

Microcapsules are almost exclusively produced from 
hydrogels, and Table 1 lists the most popular bioma- 
terials applied in this technique. A major distinction 
exis between water soluble polymers such as algi- 
nates and water insoluble polymers such as HEMA- 
MMA. Water insoluble polymers are preferred by a 
number of groups [41, 74-76] because they are as- 
sumed to be more stable than water soluble polymers 
after implantation. However, a major obstacle in us- 
ing water insoluble polymers for encapsulation of 
cells is the use of an organic solvent, which usually in- 
terferes with cellular function [41, 77]. 

We, Uke others [62, 67, 68, 78-«0], have concen- 
trated on alginate-based capsules because they have 
consistently been found not to interfere with cellular 
function. Despite their solubility in aqueous solu- 
tions, they have been shown to be stable for years in 
small and large animals and recently also in human 
beings. The most commonly used al^ate-based cap- 
sules are formed by the alginate-polylysine system. 
The technique is based on entrapment of individual 
islets in an alginate droplet which is transformed 
into a rigid bead by gelification in a divalent cation 
solution, mostly rich in Ca^*. Alginate-molecules are 
composed of mannuronic (M) and guluronic acids 
(G). In the first step of the microencapsulation pro- 
cess (ie. the gelification) the alginate-molecules are 
connected by Ca^^ through binding of consecutive 
blocks of G-molecules on each of both molecules. Af- 
ter gelification the beads are coated with a polylysine 
membrane by suspending the beads in a poly-L--Iysine 
(PLL) solution. During this step, PUL binds to mixed 
sequences of G and M in the alginate molecules [81, 
82]. This induces the formation of complexes at the 
capsule surface consisting of a-helical PLL surround- 
ed by superhelically orientated polysaccharide chains 
[82]. The presence of these complexes decreases the 
porosity of the membrane. By varying the molecular 
weight and the concentration of the polylysine, and 
the incubation time the porosity of the capsule mem- 
brane can be modulated [58, 83-88]. Usually, 10 min 
incubation in 0.1% polylysine with a molecular 
weight of 22 kDa is sufficient to form an immunopro- 
tective membrane. However, binding of polylysine 
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Table 1. Main components of capsules proposed for microen- 
capsulation of pancreatic islets 



Main component of the 
capsule 


Source 


Initially proposed by 


Alginate 


Alga 


Lim and Sun 1980 [73] 


diitosan 


Alga 


ZieUnsW 1994 [131] 


Agarose 


Alga 


Iwataetal.l989[60] 


Poly(hydroxyethylmet- 


Synthietic 


Dawson etal. 1987 [132] 


aoylate-melliyl methaciy- 






late)(HEMA-MMA) 






Copolymers of acrylonJ- 


Synthetic 


Kessleretal. 1991 [28] 


trtle(AN69) 






Polyethyleneglycol (PEG) 


Synthetic 


Cruise et al. [48] 



does not only depend upon the incubation time and 
the molecular weight of the polylysine but also on 
the type and concentration of alginate [87, 89] as 
well as on the temperature of an incubation [86, 87, 
89]. In a final step to provide biocompatibility, the 
capsules are suspended in a solution of alginate or 
other negatively charged molecules [86, 89] to bind 
all positively charged polylysine residues still present 
at the capsule surface. 

Another very important aspect of adequate bio- 
compatibility, which requires a lot of experience in 
microencapsulation process, is a smooth and me- 
chanically stable microcapsule. In our laboratory we 
have observed that high rather than low viscosity al- 
ginates produce smooth beads with no obvious tails 
or strains. Moreover, we have found that after im- 
plantation, alginates with low-G concentrations had 
a tendency to swell with subsequent breakage of the 
PLL membrane followed by cellular overgrowth of 
the capsules. Therefore, for our studies we have cho- 
sen the alginate with an intermediate G-concentra- 
tion. 

The stability of a capsule is determined by stability 
of a membrane and stability of an alginate core. The 
stability of a membrane can be controlled by the 
PLL-step because shorter incubation time, lower 
PLL concentrations, and lower PLL molecular 
weight than described above, were associated with 
an increase of the number of capsules with broken 
membranes. Additionally, incubation at 4°C instead 
of room temperature led to less stable microcapsules. 
Finally, we did not apply EGTA or citrate [77] to 
liquify the inner core of the capsule. The reason for 
this modification of the original method [73] was 
that many capsules were observed to lose their integ- 
rity during the treatment. In spite of all the improve- 
ments in the stability of the capsules, tissue reactions 
still continued to interfere with longevity of the graft 
survival. We have found that other factors, not direa- 
ly related to the production procedure, were respon- 
sible for the tissue reaction as signalling insufficient 
biocompatibility of microcapsules. 



p. de Vos et al.: Transplantation of encapsulated islets 




Fjg.l. Alginate-polylysine capsules after provoking a foreign 
body reaction in the peritoneal cavity of an AO rat. At 
1 month after implantation the capsules adhere to the omen- 
tum and overgrown by fibroblasts. (GMA-embedded section, 
syrins red staining, original magnification x 50) 



The biocompatibiiHy issue I: cbemisby of the capsule 

Failure of microencapsulated islet grafts is usually in- 
terpreted as the cxinsequence of insufBdent biocom- 
patibility, which induces a non-spedfic foreign body 
reaction against the microcapsules and results in pro- 
gressive fibrotic overgrowth of the capsules (Fig.l). 
This overgrowth interferes with adequate nutrition 
of the islets and consequently causes islet cell death. 

We have tested the hypothesis that the lack of bio- 
compatibility is caused by impurities contaminating 
the alginate. Alginates are crude products extracted 
from alga and contain several substances which are 
known to provoke inflammation [59, 87, 90-92J. 
Therefore, we designed the purification procedure, 
which is basically composed of a filtration step, an ex- 
traction step, and a dialysis step. The procedure is asso- 
ciated with a loss of 25 % to 40 % of the alginate but it 
had no influence on its chemical composition [59, 93]. 

Empty capsules prepared of either crude or puri- 
fied alginate were implanted in the peritoneal cavity 
of normoglycaemic AO/G rats and retrieved by peri- 
toneal lavage at varying time points after implanta- 
tion. Crude alginate capsules were- always overgrown 
by fibrotic tissue. In contrast, 80% to 100% of the 
purified capsules could routinely be retrieved up to 
12 months after implantation, and less than 10% of 
those retrieved capsules showed fibrotic overgrowth 
(Fig. 2). Similarly to empty capsules, capsules con- 
taining islets and prepared from purified alginate 
were found to be adequately biocompatible. After al- 
lotransplantation and isotransplantation, the majori- 
ty was found freely floating in the peritoneal cavity 
and 80% to 100% of capsules could be recovered 
and less than 10% of retrieved microcapsules showed 
signs of fibrotic overgrowth. 
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alginates. Capsules were retrieved at 12 months after implan- 
tation in the peritoneal cavity of AO rats. The arrow indicates 
one of the few capsules with fibrotic ovetgrowth (GMA-em- 
bedded section, Romansky-Giemsa stain, oiiginal magnifica- 
tion X 50). Capsules are deformed as the consequence of inho- 
mogeneous water extraction during processing for histology 



We have also studied the biocompatibiUty of alg- 
inates composed of different proportions of gulu- 
ronic acid blocks (G) to mannuronic acid blocks 
(M). Empty capsules with varying G/M ratio were 
implanted into the peritoneal cavity. We found that 
the biocompatibility of alginate-polylysine capsules 
strongly depends on the alginate G-content. Empty 
capsules prepared from high-G alginate provoked a 
severe inflammatory response, while capsules pre- 
pared from alginates with an intermediate G-con- 
tent rCTiained free of overgrowth. This could be 
due to different binding properties of polylysine to 
high-G and intermediate-G alginates [90]. When in- 
adequately bound to alginate, polylysine can be a 
strong initiator of fibrosis. This was shown by others 
[94] and by us [90] when comparing the biocompati- 
bility of high-G alginate-polylysine capsules and 
high-G alginate beads in the absence of polylysine. 
The high-G beads remained free of any obvious 
overgrowth while all of high-G alginate-polylysine 
capsSes were overgrown by several layers of fibro- 
blast within the first month of implantation in AO- 
rats. 

In summary, our findings show that purification of 
alginate is associated with a clear-cut and long-lasting 
improvement in biocompatibility. They also show 
that the majority but not all capsules stay free of fi- 
brotic overgrowth. A small minority of the capsiiles 
shows signs of bioincompatibility in spite of the fact 
that all are composed of the same material. Appar- 
ently, factors other than the purity and composition 
of the material play a role. Such factors might be as- 
sociated with the mechanical aspects of the produc- 
tion process and are discussed in the following sec- 
tion. 
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The Uocompatiblilr issue II: adequatv of 
encapsulation 

The observation that only a small percentage of the 
capsules show cellular overgrowth after implantation 
suggests that physical imperfections of individual 
capsules might be responsible for inducing insuffi- 
cient biocompatibility. Such physical defects imply in- 
adequate encapsulation of individual islets, and 
thereby inadequate immune protection as well as in- 
sufficient biocompatibility. 

In order to further analyse the issue of individual 
capsule inadequacies we first have designed an assay 
to identify individual islets which had been inade- 
quately encapsulated. The assay is based on a binding 
of lectin and FITC labelled with RCA-I (Vector Lab- 
oratories, Burlingame, UK), and allows for quantifi- 
cation of the percentage of inadequately encapsulat- 
ed islets under varying experimental conditions. Lec- 
tin, which has a high affinity for pancreatic islets, has 
a high molecular weight (120 kD), which prevents 
the lectin molecules from the diffusion through the 
pores of an adequate microcapsule. Inadequately en- 
capsulated islets are identified by positive fluores- 
cence (Fig.3), and the overall adequacy of an islet en- 
capsulation procedure can be quantified by express- 
ing the number of inadequate capsules as the percent- 
age of the total number of capsules containing islets 
158, 95]. 

When this assay was applied after encapsulation of 
Wistar rat islets using a 3 % solution of Keltone LV to 
produce microcapsules with the usual 800 \im diame- 
ter, 6.3 ± 0.2% of the capsules was found to be inade- 
quate. Interestingly, when the droplet generator was 
set to produce smaller capsules with a diameter of 
500 (jm, the percentage of inadequate capsules rose 
approximately fourfold to 24.2 ±1.5%. When tested 
in vivo by transplanting Lewis islets encapsulated in 
either larger or smaller capsules into streptozotocin 
diabetic AO/G rats, inadequate encapsulation was 
found to carry substantial significance because nor- 
moglycaemia and prolonged graft survival was ob- 
tained with the larger but not with the smaller cap- 
sules [95]. These observations are rather disturbing, 
because small capsules reduce diffusion distances as 
well as the total graft volume. The retrieval rate with 
peritoneal lavage was more than 80 % with the larger 
capsules but oidy 5.5 % with the smaller capsules. Of 
those retrieved capsules, only 12 % of the larger cap- 
sules but 65 % of the smaller capsules showed fibrotic 
overgrowth. Clearly, inadequate encapsulation en- 
hances fibrotic overgrowth and reduces the chance 
of graft survival. The cellular overgrowth is com- 
posed of fibroproliferative connective tissue, ED-1 
and ED-2 positive macrophages, T-cells but no beta 
cells, and occasionally some multinucleated giant 
cells. This composition suggests that two distinct 
causes are simultaneously responsible for the ob- 




Fjg.3. Inadequate encapsulation of pancreatic islets. The islet 
is incompletely encapsulated. Islet cells protruding fixnn the 
capsule are specifically labelled by the FITC-labeUed lectin 
RCA-I. (original magnification x 100). Reproduced from De 
Vos et al. [58] with permission of the publisher 



Ca^"^ Na"^ FIX 

Bead Ca-free buffer PoIy-ly-Lysme CapsuJe 

Fig. 4. Schematic presentation of the process of swelling and 
shrinkage during the encapsulation procedure. After gelifica- 
tion, the calcium-alginate beads are washed with Ca-free 
HRH buffer, catising partial displacement of Ca by Na. This 
process initiates the formation of an anionic interface which in- 
teracts with PLL and becomes semipermeable. The exchange 
of Ca for Na also induces an increase of the alginate bead di- 
ameter. As a consequence, the islets tend to be displaced to- 
wards the periphery of the alginate bead. During the subse- 
quent step of PLL binding, shrinkage occurs while islets main- 
tain their peripheral location and consequently tend to readily 
protrude from their capsules. Reproduced from De Vos et al. 
[58] with permission of the publisher 



served reaction. One is that the islet, by its incom- 
plete protection, induces an allograft reaction. The 
other is that the inadequate capsule itself, by its bro- 
ken integrity, induces a foreign body reaction. 

Factors other than diameters could also influence 
the adequacy of the microcapsules. When Manugel 
(55% G-content) instead of Keltone LV (45% G- 
content) alginate is used to produce the smaUer type 
of 500 |xm capsules, the percentage of inadequate 
capsules decreases from 24% to 12%. The different 
results with Keltone LV and Manugel alginates are 
related to differences in swelling and subsequent 
shrinkage properties diu-ing the consecutive steps of 
the encapsulation procedure [58] (Fig. 4). The higher 
G/M ratio of Manugel is associated with less swelling, 
which is associated with a reduced chance for islets to 
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Tims (weeks) 

Fig. 5. Survical of encapsulated islet isografts (n = 6, open sym- 
bols) and allografts (n = 8, closed symbols) in streptozotocm 
diabetic AO-rats. Note the similar if not identical survival 



protrude and, consequently, inadequate encapsula- 
tion. Apparently, alginates with a high G/M ratio 
should be applied to reduce the percentage of inade- 
quate capsules. 

In conclusion, to provide complete immunopro- 
tection and optimal biocompatibility, application of 
purified and fully biocompatible material is not en- 
ough; the capsule production process itself should re- 
sult in mechanically adequate microcapsules. This is 
an important consideration because variable factors 
like the capsule diameter and the type of alginate 
were shown to influence these mechanics. 
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time (min) 

Z1g.6. Blood glucose and plasma insulin levels after sponta- 
neous ingestion of a meal (« = 5) in AO-recipients of microen- 
capsulated islet allografts (closed symbols) and in normal con- 
trol rats (open symbols). The animals were trained to cotisume 
a meal of 2 gram chow within 5 mins. Values represent means 
±SEM 



Functional performance of microencapsulated islet 
grafts 

Intraperitoneal transplantation of a microencapsu- 
lated islet graft restored normoglycaemia in strepto- 
zotocin diabetic rat recipients within 1 week after 
transplantation. This normalization of blood glucose 
concentrations was associated with an evident meta- 
bolic improvement as illustrated by a normalization 
of body weight gain and by a dramatic reduction in 
daily urine production. Regretfully, however, graft 
functional survival times were limited and hypergly- 
caemia returned between 5 and 16 weeks after trans- 
plantation [59, 95], These results were confirmed in 
later experiments with survival times of 6 to 
20 weeks, which were similar if not identical in iso- 
grafts and allografts [59] (Fig. 5). This latter observa- 
tion proves that rejection was not the cause of graft 
failure. Graft failure could not be explained either 
by fibrotic overgrowth and subsequent cell death be- 
cause this was observed in only a small minority of 
capsules as described above. It could also not have 
been caused by insufiCident viability of isolated islets 
because isogenically transplanted naked, non-encap- 



sulated islets survived after intraperitoneal implan- 
tation [96]. 

When functioning grafts were tested by oral or in- 
travenous glucose challenge, glucose tolerance was 
found to be rather adequate as indicated by normal 
HBAci levels and maximum glucose levels of 
8.3 mmol/1 after the consumption of a glucose-rich 
meal but a rise in systemic insulin was never observed 
(Fig. 6). 

We have further substantiated this observation ex- 
perimentally by assessing portal and systemic insulin 
responses and glucose concentrations after gradual 
infusion of low amounts of insulin into the peritoneal 
cavity, thereby mimicking the gradual release of insu- 
lin from the capsules of an intraperitoneal graft. We 
found that the dose-dependent rise of insulin and de- 
crease of glucose levels with intraperitoneal insulin 
infusion were strongly delayed and reduced as well 
as prolonged in comparison to intraportal insulin in- 
fusion [70, 97] (Fig. 7), 

In the subsequent experiments on function of in- 
traperitoneally transplanted microencapsulated is- 
lets, we assessed C-peptide in the systemic circulation 
instead of insulin. C-peptide is released in equrniolar 
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Kg. 7. Effect of intraperitoneal (#) and intraportal (O) infu- 
sion of different concentrations of insulin on plasma insulin 
and glucose concentrations. Insulin was infused in a dose of 
20 praol • H • min-i (A, n = 6), 40 pmol • H • min-^ (B, « = 5), 
and 80 pmol • H • njin-> (C, n = 7), during 15 min. The dose of 
20 pmoJ - • min"' induces a rise in systemic insulin concen- 
trations after portal infusion similar to that observed in AO- 
rats consuming a meal. Values are means ± SEM of levels ex- 
pressed as delta levels with the f = 0 level as the zero reference. 
Reproduced from De Vos et al [70] with permission of the pub- 



concentrations with insulin, is not readily absorbed 
by the abdominal organs and does not undergo he- 
patic extraction. With this approach, we have found 
a glucose-induced response from the encapsulated is- 
lets as shown by an increase of C-peptide in systemic 
circulation when diabetic mice were subjected to 
meal challenge [71]. The increase, however, was de- 
layed when compared to normal non-diabetic control 
mice (Fig. 8 A). Generally, when compared to the 
normal control mice, the C-peptide levels in plasma 
were considerably lower in the mice transplanted 
with either naked or encapsulated islets. In accor- 
dance with this lower C-peptide production, we ob- 
served a reduced body growth rate in the mice trans- 
planted with either naked or encapsulated islets. Sur- 
prisingly, glucose clearance was about the same as 
that of mice transplanted with naked islets (Fig. 8 B). 
Similiur delay and relatively low response of C-pep- 
tide dtuing intravenous glucose tolerance test were 
reported in NOD mice transplanted with microen- 
capsulated islets [68]. One potential explanation of 
that phenomenon is that the peritoneal cavity is 
known to be less accommodating to transplanted is- 
lets. It has been shown that naked syngeneic islets 



transplanted under the kidney capsule or into the 
portal vein of diabetic rats were much more efficient 
in normalising glucose concentrations than when 
transplanted into the peritoneal cavity [96, 98, 99]. 
Additionally, islets in microcapsules in the absence 
of the vascularization of a graft, could be exposed to 
relative hypoxia [11, 100]. 



A vascularized transplantation site for 
microencapsulated islets 

The absence of revascularization of the encapsulated 
islets interferes with both the functional performance 
and the longevity of the grafts. Apparently, a site 
where encapsulated islets are in close contact with 
the blood stream is obligatory for clinical applica- 
tion. Unfortunately, it is difficult to find such a site 
because it should combine the capacity to bear a 
large graft voltraie in the immediate vicinity of blood 
vessels. Reported sites allowing for successful islet 
transplantation such as the liver [101-104], the 
spleen [101, 105-107], and the renal capsule [20, 
108, 109] do not meet these requirements because 
they can never carry the volumes of more than 
100 ml of capsules required for transplantation in hu- 
man beings [44, 87, 110]. To overcome this obstacle, 
we recently introduced the concept of an intraperito- 
neally implanted sohd support system for pancreatic 
islets [111]. This site allows for implantation of high 
numbers of islets, which can readily be retrieved 
and, theoretically, can be designed to be highly vas- 
cularized. 

We developed a solid support system of expanded 
PTFE (ePTFE) because ePTFE have been shown to 
be biocompatible and to become neovascularized af- 
ter implantation in the peritoneal cavity. Initially, we 
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Fig. 8 (A, B). Meal challenge performed 9 weeks after intra- 
peritoneal transplantation of either microencapsulated xeno- 
geneic rat islets (« = 7) or syngeneic non-encapsulated mouse 
islets (n = 5) into STZ diabetic B6AF1 mice. A Plasma C-pep- 
tide concentrations and B plasma glucose concentrations dur- 
ing a meal challenge. As controls, age-matched normal non-di- 
abetic B6AFj mice were used (n = 9). Data are presented as 
means ± SEM; * p < 0.01 microcapsules and syngeneic vs nor- 
mal, 6 p < 0.02 microcapsules vs normal and syngeneic, 
#p< 0.001 syngeneic vs normal. Reproduced from T&tat- 
kiewicz et al. [71] with permission of the publisher 



applied solid supports coated with collagen type IV 
(ie. the coEagen type predominantly present in the 
basal membrane) and acidic-fibroblast growth factors 
(a-FGF) to facilitate the ingrowth of blood vessels 
[111-113]. These supports were always implanted 
4 weeks before the introduction of the islets to pre- 
vent islet dysfunction as the consequence of inflam- 
matory reaction against the ePTFE - a reaction 
which is usually complete within 4 weeks [111]. Be- 
fore implanting encapsulated islets, we tested the effi- 
cacy of these ePTFE solid support systems as a trans- 
plantation site for naked, non-encapsulated islet graft 
by comparing the functional performance of islet iso- 
grafts implanted in the solid supports to those im- 
planted in the unmodified peritoneal cavity. These 
experiments indicate that the solid supports were 
much more efficacious than the unmodified perito- 
neal cavity because when we implanted 10 jil of islet 
tissue in the solid support we found that all rat recipi- 
ents became normoglycaemic while only 40% with 
transplantation of the islets in the unmodified perito- 
neal cavity did [111]. 
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In the subsequent histological evaluation of the 
solid supports, we assessed the degree of vasculariza- 
tion of the grafts and compared it with the vascular- 
ization of the liver. The liver was chosen because it is 
an organ allowing for successful transplantation of is- 
lets both in experimental animals and in human be- 
ings [101, 109, 114, 115]. Unfortunately, we found 
that the degree of vascularization of the solid sup- 
ports was far behind that of the liver. Another obser- 
vation illustrating the inadequate vascularization of 
the supports was that transplantation of an subopti- 
mal non-encapsulated islet volume of 5 [il, ie. half 
the volume of the islet tissue present in the pancreas 
of a control rat, was associated with normoglycaemia 
in 60% of the recipients while it was 100% after 
grafting in the liver [111]. 

In our subsequent studies on vascularization of 
solid supports, we focussed on VEGF-165 [116-118], 
which is considered to have the greatest potential as 
an angiogenic stimulus when compared to other an- 
giogenic growth factors such as acidic-fibroblast 
growth factor, basic-fibroblast growth factor, plate- 
let-derived growth factor, epidermal growth factor, 
epidermal growth factor, alpha and beta transforming 
growth factor, interleukines (IL-8 and TNF) or pro- 
staglandines. 

Our approach to stimulate vascularization by ad- 
ministration of angiogenic factors is shown in Figure 
9- Firstly, angiogenic stimuli degrade the basal mem- 
brane and components of the extracellular matrix 
around capillaries in the immediate vicinity of the 
solid support. Subsequently, the endothelial cells start 
to proliferate and migrate into the site of release of 
the angiogenic factors. Finally, the endothelial cells 
form tubular structures after which they differentiate 
into cells aligning full mature blood vessels. The 
whole sequence of events leading to the formation of 
blood vessels is under control of a wide variety of an- 
giogenic growth factors which are endogenously pro- 
duced by cells in the immediate vicinity of the solid 
supports. 

Figure 10 shows our present experimental ap- 
proach to stimulate vascularization of the solid sup- 
ports applicable for encapsulated islets. These sup- 
ports were prepared from flat sheets of ePTFE which 
were coated with collagen type IV and subsequently 
implanted in the peritoneal cavity in the immediate 
vicinity of the liver in order to promote portal drain- 
age of insulin. The supports were infused with a solu- 
tion of saline containing VEGF-165 and heparin (to 
stabilize the VEGF). 

After 4 weeks of infusion with VEGF-165, we 
found, macroscopically, much more blood vessels 
running over and into the supports when compared 
to injections of aPGF. Subsequent staining with 
RECA-1 (ie. a specific rat endothelial cell marker), 
showed a degree of vascularization of 66 ± 8 vessels/ 
nwn^ in VEGF-165 treated supports (at a dose of 80 
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Fig. 9. The process of angiogenesis after exogenous adminis- 
tration of angiogenic stimuli. Basal membrane and matrix deg- 
radation fodiitates the migration of proliferation endothelial 
cells to the angiogenic stimulus 



ng/day) which was similar to the 12 ±1 vessels/ mm^ 
found in the liver. Control supports, ie. supports in- 
fused with saline and heparin in the absence of 
VEGF-165, showed a lower degree of vascularization 
of 44 ± 12 vessels/mm^. 

At present we are exploring the possibility of re- 
peated replacement of encapsulated islet grafts from 
VEGF-165-treated supports because this could be 
mandatory for clinical application in case of limited 
function of encapsulated grafts. This is done by in- 
jecting encapsulated islets into the supports in a solu- 
tion of alginate with a high-M content. These high-M 
alginates chelify in the human body and therefore 
can keep the capsules at its place in the solid support. 
If replacement is required the high-M alginates can 
easily be solved by the administration of Ca-gelators 
such as EGTA. Liquification of the solution allows 
aspiration of the alginate in combination with the en- 
capsulated islets in a procedure, which requires only 
minor surgery. 



Loreewlfy of microencapsulated islete 

As follows from the preceding sections, minor modi- 
fications in the encapsulation procedure could have 
an important impact on the capsule's biocompatibili- 
ty and thus on the functional outcome of the graft. 
However, the factors contributing to the quality of 
microcapsules are not standardized. As a conse- 



quence, there are many different encapsulation pro- 
cedures, each resulting in capsules with different po- 
rosities and with specific chemical and mechanical 
characteristics. Obviously, these differences contrib- 
ute to the enormous variations in reported success 
rates of encapsulated islet allografts and xenografts. 

It has been assumed that indefinite survival would 
be achieved with islet-containing microcapsules 
which elicit a minimal foreign body reaction [78, 87, 
119]. However, even when the foreign body reaction 
affected only an insignificant number of capsules 
[59, 91], long-term survival of the encapsulated islet 
grafts in rats was not achieved. This phenomenon of 
graft failure in the absence of overgrowth of the cap- 
sules has been reported before [120-122] and is usual- 
ly explained by exhaustion of the graft as a conse- 
quence of a combination of a too high glycaemic 
load on an insufficient number of transplanted encap- 
sulated islets. In our studies in rats, however, neither 
the volume of the graft nor the glycaemic load on 
the islets caused graft failure. We found that after 
transplantation of a sufficient islet volume of 10 
the functional mass of the graft decreased rapidly 
not only in diabetic but also in normoglycaemic recip- 
ients. 

Some dispute exdst as to the effect of the ongoing 
activity of the immimological rejection process on 
the survival of immunoprotected islets. It has been 
shown that cytotoxic antibodies can be formed 
against the islets in spite of the presence of a capsule 
around the tissue [16, 29, 123, 124]. It has also been 
shown that cytokines produced during the rejection 
process, such as IL-l^S can pass through the capsule 
membrane [125]. In our in vivo studies, we found no 
effect of the histoincompatibility of the encapsulated 
islets on the graft survival because isograft had identi- 
cal survival times as allografts [59]. These findings 
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Fig.lO. Schematic presentation of the principle of grafting of 
encapsulated islets in prevascularized solid support systems. 
ePTFE solid supports are coated with collagen type IV and 
subsequently implanted in the peritoneal cavity. The solid sup- 
ports are infused with an ALZET osmotic pump for 4 weeks 
•with VEGF-165 in order to stimulate the ingrowth of blood 
vessels. The collagen type IV functions as a matrix to prevent 
the VEGF-165 from immediate diffusion into the surround- 
ings. After 4 weeks, the osmotic pump is removed and algi- 
nate-PLL encapsulated islets are infused in a solution of high- 
M alginate (which forms a gel in the presence of the physiolog- 
ical Ca-concentration) to keep the encapsulated islets at their 
place in the solid support 



suggest that capsules can adequately protect against 
the allograft reactions initiated by the encapsulated 
islets after transplantation. 

Our results suggest that the long-term graft surviv- 
al might depend on the access of encapsulated tissue 
to blood supply and, consequently, on sufficient sup- 
ply of nutrition and/or growth factors delivered to 
the encapsulated islets. Although this issue is not cov- 
ered by the current definition [126], it should be con- 
sidered to be a biocompatibility problem because 
long-term survival of the tissue is required for this 
specific application but, regretfully, is not compatible 
with the presence of the biomaterial around the tis- 



Concluding remarks 

It is clear that important advances have been made in 
immunoisolation of pancreatic islets during the last 
few decades. This view is corroborated by the results 
of the restricted experience obtained in human be- 
ings [21, 44, 127]. Very few reports from clinics on 
transplantation of encapsulated islets might be ex- 
plained by not only scientific reasons. Limited avail- 
ability of human islets, recent concerns about using 
pig tissue in humans, and extremely high expenses 
probably contribute to sluggish progress in clinical 
application of microencapsulation approach. In view 
of the recent successful transplantation of pancreatic 
stem cells [128-130], one might expect imlimited 
sources of allogeneic insulin-producing tissue in the 
near fiiture. Additionally, enhanced survival of grafts 
supported by induced neovascularization might result 
in encapsulation technology which will be the ulti- 
mate solution to cure Type I diabetes. 

Sources. This review is based on the relevant litera- 
ture published in the EngUsh language during the pe- 
riod 1980-2001, and seminal prior contributions. The 
sources available to the authors were integrated with 
sources identified through PubMed searches for "en- 
capsulation of pancreatic islets" and "vascularization 
and transplantation of microencapsulated islets". 
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